When a plasma membrane-enriched fraction isolated from red beet (Beta vwu L.) In the work presented here, we report that the plasma membrane ATPase from red beet storage tissue forms a phosphorylated intermediate similar to that observed for the corn root enzyme (5, 6). The phosphorylation occurred on a 100,000 D polypeptide, and the stability properties of the protein-phosphate bond suggest that it is an acyl phosphate group.
boud was an acyl-phosphate. When the phosphorylated protein was analyzed with lithium dodecyl sulfate gel electrophoresis, a labeled polypeptide with a molecular weight of about 100,000 daltons was observed. Phosphorylation of this polypeptide was rapidly turning over and Mg-dependent. It is concluded that the phosphorylation observed represents a reaction intermediate of the red beet plasma membrane ATPase.
first type of transport enzyme consists of many small subunits, is freely reversible, and does not form a phosphorylated intermediate during the course of ATP hydrolysis. The F1F0-transport ATPases of mitochondria, chloroplasts, and bacteria are examples of this first type of transport enzyme (18) . The second type of transport enzyme consists of a collection of at most three subunit types (generally one or two) and is specifically phosphorylated when ATP is hydrolyzed. The animal cell Na ,K+-ATPase (8), sarcoplasmic reticulum Ca2+-ATPase (10) , gastric H+,K+-ATPase (25) , and the fungal cell plasma membrane H+-ATPase (12) are examples of this second form of transport enzyme. Recent work by Briskin and Leonard (5, 6) suggests that the plasma membrane ATPase of higher plants may belong to the second class of transport enzyme since the ATPase ofa plasma membrane fraction In the work presented here, we report that the plasma membrane ATPase from red beet storage tissue forms a phosphorylated intermediate similar to that observed for the corn root enzyme (5, 6) . The phosphorylation occurred on a 100,000 D polypeptide, and the stability properties of the protein-phosphate bond suggest that it is an acyl phosphate group.
The primary transport event in higher plant cells is the efflux of protons from the cytoplasm to the cell exterior (23, 26) , and the induced proton motive force can then serve to drive the transport of other solutes through secondary co-and counter transport mechanisms (13, 23) . It is generally believed that a plasma membrane-bound ATPase may provide the enzymic machinery responsible for driving proton extrusion (15 and references therein). Although the plant plasma membrane ATPase has not been fully purified and its transport properties demonstrated in reconstituted membrane systems, much indirect evidence supports its role as a primary energy transducer at the plasma membrane. There is strong evidence that the energy source for transport is ATP (20, 22) and when plasma membrane fractions are isolated from higher plants, a monovalent cation-stimulated ATPase is enriched (15, 16) . Orthovanadate, an inhibitor of plasma membrane ATPase (11) , has been shown to inhibit proton extrusion and potassium uptake without affecting ATP levels (9) and, recently, evidence for ATP-dependent proton transport has been reported for isolated membrane vesicles, presumably of plasma membrane origin (27) . It is presently unclear whether monovalent cations are transported directly by the enzyme (15, 20) in a manner analogous to the animal cell Na+,K+-ATPase (8) or whether their transport occurs through secondary carriers in response to the proton motive force (15 
MATERIALS AND METHODS
Plant Material. Red beet (Beta vulgaris L.) storage roots were purchased commercially. The tops of the plants were removed and the storage roots were stored in moist vermiculite at SOC until use.
Isolation of Plasma Membrane-Enriched Fractions. Plasma membrane fractions were isolated as described by Briskin and Poole (7) . Beet roots were rinsed with distilled H20 and then cut into sections. All subsequent steps were carried out at 2 to 40C.
The storage tissue was homogenized with a Braun juice extractor in a medium containing 250 mm sucrose, 3 mM EDTA, 0.5% (w/v) PVP-40, 70 mm Tris-HCl (pH 8), and 4 mM DTE.2 One ml of homogenizing media was used per g of tissue. The homogenate was filtered through four layers of cheesecloth and centrifuged at 13,000g (10,500 rpm) for 15 min in a Sorvall SS-34 rotor. The pellets were discarded and the supernatant was centrifuged at 80,000g (32,500 rpm) for 30 min in a Beckman Ti7O rotor to obtain a microsomal pellet. The microsomal pellet was suspended in 250 mM sucrose, 1 mm Tris-Mes (pH 7.2), 1 mm DTE (suspension buffer) to a protein concentration of about I mg/ml and treated with 0.25 M KI to remove nonspecific phosphatase. Following incubation for 20 min on ice, the KI-treated membranes were centrifuged at 80,000g (32,500 rpm) for 30 min in a Beckman Ti7O rotor. The KI-extracted membrane pellet was suspended in sus-ml of 30% (w/w) sucrose. Gradient solutions were buffered with I mM Tris-Mes (pH 7.2) and contained I mm DTE. The gradient was centrifuged at 115,000g (26, Following electrophoresis, the gels were ediately dried on Whatman No. 1 paper and then subjected to autoradiography for 36 h against Kodak XAR-5 X-ray film with Cronex 'Lightning Plus' intensifying screens at -80°C.
For the determination of mol wt, the gel system was calibrated using protein standards solubilized and electrophoresed under the identical conditions as the phosphorylated samples. The standard gel was fixed, stained with Coomassie blue and destained as described by Briskin (Fig. 2) . This fraction contains a monovalent cationstimulated ATPase activity with properties (7) similar to the ATPase activity that occurs in plasma membrane fractions from corn and oat roots (15, 16 TP s-sate pH of (27) .
KCl (if indicated) was added. The steady-state level of
It was observed that steady-state phosphorylation was reduced on at 20s (202.4 pmol/mg protein) was taken ast'me 0 and by ADP to an extent greater than could be accounted for by its were quenched at the times indicated. 'Best fit' lines were hydrolysis as a substrate (7) . This may result from an ATP/ADP y linear regression, and first-order rate constants wereycal-exchange reaction in which the high-energy phosphorylated intera -2.303 (slope). The ate aeconstants for dephosphorylatin mediate reacts with ADP to resynthesize ATP (8, 10, 12) . This nd 0.023 s' in the absence and presence of KCI, respectively, reaction has been demonstrated for both the Na+,K -ATPase (8) and sarcoplasmic reticulum Ca2+-ATPase (10) (5, 14, 28) .
The nature of the time course also suggests that, unlike the plasma membrane preparation from corn roots (5), substantial levels of protein kinase activity were not present in the plasma membrane preparation from red beet. A minor component of protein kinase activity could only be detected when the time course was carried out in excess of 6 min (data not shown). This activity did not interfere with analysis of the rapidly turning over protein-bound phosphate as long as the duration of the experiments did not exceed 2 min. It is unclear at the present time whether the low level of protein kinase activity associated with this preparation is an inherent property of red beet plasma membrane or whether this is a result of the KI extraction step (i.e. removal of membrane peripheral proteins) performed during the membrane isolation.
Dephosphorylatin Reaction. The turnover of the phosphorylated protein was specifically studied by examining the time course of the dephosphorylation reaction (Fig. 3) . This was done by adding an unlabeled ATP chase to phosphorylation reactions at steady-state (20 s phosphorylation), and the reactions were quenched at increasing times following the chase. Under these conditions, the phosphorylation reaction becomes unmeasurable and dephosphorylation is observed. The breakdown of the phosphorylated protein was exponential with time indicating a first order kinetic relationship (Fig. 3) . This is consistent with the unimolecular breakdown of an enzyme reaction intermediate, and the slope of the plot can be related to the first-order rate constant for this process. When the unlabeled ATP chase was carried out in the presence of 50 mm KCI (ie. the chase contained both ATP (6) . In this study, 500 ,im vanadate only produced about 50%o inhibition of steady-state phosphorylation.
Phosphorylation also appeared to be less sensitive to vanadate than previously reported ATPase activity for this preparation (7) . This lack of correspondence between vanadate inhibition of phosphorylation and ATPase which has also been observed for the fungal plasma membrane ATPase (1) may be a reflection of the mode of action of this inhibitor (1, 8) . Differences in the assay conditions for phosphorylation (20 s, 40-70 ,tg protein, ice temperature) and ATPase (30 min, 10-20 ,ug protein, 380C) may also contribute to the lack of direct correspondence for this inhibitor.
Stability of the Protein-Bound Phosphate. The stability properties of the acid-denatured phosphoenzyme were examined in order to assess the type of phosphoprotein linkage (Fig. 4) . Phosphorylation reactions were quenched at steady-state (20 s), the TCA pellets were suspended in buffers of increasing pH, and the samples were incubated at room temperature for 30 min. Following incubation, the samples were washed by centrifugation and the radioactivity that remained bound to protein was determined. This value was compared to control samples where the radioactivity was determined immediately following phosphorylation. Assuming that the nonenzymic release of protein-bound phosphate will follow a first-order relationship (4), the data are expressed in terms of first-order phosphohydrolysis rate constants (Fig. 4) . Maximal stability was found when the denatured phosphoenzyme was incubated at pH 2.4. At a pH either lower or higher than this vuile ine-resMed hvdrnlv,iq of the nrntein-hnund nhosnhate oc- Phosphorylation was carried out for 20 s as described in "Materials and Methods" and the initial TCA pellets were suspended in 1.0 ml of 100 mm Na-citrate (pH 2.4). Samples were incubated at the indicated temperature for 30 min, and then 25 ml of ice-cold quench solution was added. Following centrifugation at 27,000g (15 min) , the radioactivity remaining bound to protein was determined as described in "Materials and Methods." The phosphohydrolysis rate constant was determined as described for Figure 4 by comparison to a control sample where the radioactivity was determined immediately following phosphorylation.
increasing temperature for 30 min and the samples were analyzed srature stability of the denatured phosphoenzyme at in a manner similar to the above. The phosphoprotein demonalso examined (Fig. 5) . Following phosphorylation, strated decreased stability as the temperature of incubation was sd phosphoprotein was incubated at pH 2.4 with raised.
Stability of the denatured phosphoprotein at a pH between 2 , , , , , and 3 (2, 4, 28) and under low temperature (28) (Fig. 6 ) when compared to protein standards (Fig. 1) . ed out for 20 s as described in "Materials and Methods," and Although this system allowed clear resolution of the phosphoryl-A pellets were suspended in 1.0 ml of buffer at the indicated ated protein, solubilization of membrane protein was difficult as les were incubated for 30 min at room temperature and then indicated by the amount of radioactivity that remained at the AId quench solution was added. The samples were centrifuged sample well. The identity of the labeled material remaining at the 5 min), and the radioactivity remaining in the TCA pellet origin of the gel is unclear, although much of this labeling would ed as described in "Materials and Methods." The radioactiv-appear to be nonenzymic in nature since it was present in samples bound to protein was compared to control samples where boiled for 5 min prior to phosphorylation. The presence of radio-,ity was determined immediately following phosphorylation. active label at the origin, however, does raise the possibility that hydrolysis rate constant was calculated as Kphot.yi---(n other proteins in addition to the plasma membrane ATPase may . The treatments used were: pH 0, 2 N HCI; pH 2.4, 3, 4, 6, be phosphorylated in this preparation. The radioactivity that itrate; pH 8, 100 mm Tris-HCl; pH 10, 12, 100 mm Na-borate. migrated just behind the tracking dye was also nonenzymic in was found to be most stable at a pH between 2 and 3 ( Fig. 4) 8, 10, 12, 24) .
From the data presented in this study, it is possible to examine the correspondence between the breakdown of the phosphoenzyme and ATP hydrolytic activity in the absence of KC1. From Figure 2, (8, 10, 25) and fungal (12) cells out as described in "Materials and Methods." The dried gel was occur on a polypeptide of about this mol wt, structural similarity against X-ray film for 36 h at -80'C with a Cronex 'Lightning between these transport enzymes and the plasma membrane ATPLtensifying screen. The position of the pyronin Y tracking dye is ase of higher plants may be implied. (and possibly also at 40 ytM ATP and ice temperature), a dramatic since it occurred when a membrane sample was boiled for difference might be expected for the observed dephosphorylation prior to phosphorylation. This most likely represents resid-rate constant. This indeed is the case. In the absence of KC1, the P]ATP and [32P]inorganic phosphate not removed by the dephosphorylation rate constant for the corn root enzyme is 0.028 .g steps during sample preparation. s-(6) while this value is only 0.0091 s-1 for the red beet enzyme. sphorylation of the 100,000 D polypeptide showed rapid Therefore, no simple relationship between ATPase activity and er since the labeling of this band was decreased by an phosphorylation level can be assumed when plasma membrane led ATP chase (Fig. 6) . Phosphorylation was Mg-dependent fractions from different plant species are compared. he labeling of the polypeptide was decreased by a chase
The high steady-state phosphorylation level and slow turnover D mm Tris-EDTA (pH 6.5). This also demonstrates that the make the red beet plasma membrane fraction an excellent system sphorylation reaction does not require Mg since turnover to study ATPase phosphorylation. High phosphorylation levels occur in the presence of an excess of EDTA.
imply a greater incorporation of radioactive label for a given amount of protein and thus a higher signal to noise ratio. Slow DISCUSSION turnover allows the radioactive label to be retained over greater periods of time when the dephosphorylation reaction is studied, results of this study provide evidencetht the plasma giving greater precision in estimating rate constants. Further studane ATPase of red beet storage root tissue forms a phos-ies are underway with the red beet system to identify the specific acted intermediate during the course of ATP hydrolysis. amino acid moiety of the protein phosphorylated and elucidate a plasma membrane fraction from red beet was incubated the reaction mechanism of the enzyme.
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m tne presence oi Jy--rjAI r, rauioacuve pnospnate was incorporated into TCA-insoluble protein. Both the nature of the time course and the response of the steady-state phosphorylation to an unlabeled ATP chase are consistent with rapid turnover of the protein-bound label (Fig. 2) . Phosphorylation, like plasma membrane ATPase (7, 15) , was substrate-specific for ATP (Table I) and inhibited by DES and sodium vanadate (Table II) . When the dephosphorylation reaction was specifically studied, KCl was found to increase the turnover of the phosphorylated protein (Fig.  3 ) consistent with its stimulatory effects upon the ATPase activity associated with this preparation (7 
